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Role of oxygen radicals in phorbol myristate acetate-induced glomer-
ular injury. Phorbol myristate acetate (PMA) is known to be a potent
activator of neutrophils and macrophages resulting in the generation of
large amounts of oxygen-free radicals by these cells. When injected into
the left renal artery of 250 to 300 g male Sprague-Dawley rats, PMA
caused significant proteinuria compared to control rats which received
normal saline (35.4 4 mg/24 hr in PMA treated vs. 14.1 0.9 mg/24
hr in saline control, P < 0.02). The proteinuria was associated with
evidence of glomerular injury. These PMA-induced alterations were not
prevented by complement depletion but were prevented by prior
depletion of neutrophils. The coinstillation of catalase prevented the
development of the proteinuria (catalase + PMA 12.7 2.3 mg/24 hr
vs. PMA alone 38.2 5.7 mg/24 hr, P < 0.001) suggesting that HO2
and/or its metabolites derived from neutrophils were important in the
PMA-induced proteinuria. In contrast, superoxide dismutase (SOD)
had no effect. We conclude that, following the intra-arterial injection of
PMA, neutrophil-derived hydrogen peroxide and/or its metabolic prod-
ucts are capable of causing acute proteinuria in association with
morphological alterations in glomeruli of rats.
Role des radicaux oxygène sur les lesions glomerulaires induites par le
phorbol myristate acetate. Le phorbol myristate acetate (PMA) est
connu pour étre un activateur puissant des neutrophiles et des macro-
phages entrainant Ia production de grandes quantiths de radicaux libres
oxygène par ces cellules. Après injection dans l'arthre rénale gauche de
rats males Sprague-Dawley de 250 a 300 g, Ic PMA entraInait une
protéinurie significative par rapport aux rats contrôles qui recevaient du
solute physiologique (35,4 4 mg/hr chez les traitCs au PMA contre
14,1 0,9 mg/24 hr chez les contrOles au solute sale, P < 0,02). La
protéinurie était associée a des lesions glomCrulaires. Ces alterations
induites par le PMA n'étaient pas prhvenues par une dhplétion en
complement, mais étaient prévenues par une depletion prealable en
neutrophiles. L'instillation concomitante de catalase a prévenu Ic
développement de Ia protéinurie (catalase + PMA 12,7 mg/24 hr
contre PMA seul 38,2 5,7 mg/24 hr, P < 0,001) suggérant que H202
et/ou ses métabolites provenant des neutrophiles sont importants pour
Ia protéinurie induite par le PMA. A l'opposh Ia superoxyde dismutase
(SOD) était sans effet. Nous concluons qu'aprbs injection intra-
artérielle de PM, le peroxyde d'hydrogene provenant des neutrophiles
et/ou ses métabolites sont capables d'entrainer une protéinurie aiguë
associée a des alterations morphologiques des glomerules de rats.
There is considerable in vitro and in vivo evidence that
oxygen-free radicals derived from leukocytes are capable of
causing cell death and tissue injury. In vitro studies have
demonstrated potent bactericidal and cytotoxic effects of oxygen-
derived metabolites [including superoxide anion (02), hydro-
gen peroxide (H202), hydroxyl radical (OH), hypochiorous acid
(HoCI), and singlet oxygen ('02)1 generated either by specific
enzyme systems or activation of phagocytic cells [1—41.
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Recently, several in vivo studies have shown that oxygen-
free radicals generated by leukocytes appear to be responsible
for the tissue injury seen in certain immune complex reactions.
The administration of superoxide dismutase (SOD) partially
suppressed the neutrophil-dependent dermal Arthus reaction
and immune complex lung injury models [51. In later studies the
administration of catalase caused a much greater degree of
suppression suggesting that H202 and/or its metabolic products
were responsible for the tissue injury [6, 71.
Other recent studies have observed the ability of phorbol
myristate acetate (PMA) to induce tissue injury that mimics
immune complex injury. PMA was used because of the large
numbers of in vitro studies showing that PMA is perhaps the
most potent stimulator of the phagocytic cell's "respiratory
burst" which results in the production of large quantities of
oxygen-free radicals [81. The instillation of microgram quanti-
ties of PMA into the lungs of rats results in a dose-dependent
acute and chronic lung injury that can be suppressed by catalase
but not by SOD, again suggesting that the H202 generation is
critical in the evolution of the tissue injury [71.
Inconsideration of the above, we chose to study the ability of
PMA, selectively infused into the renal artery of rats, to induce
glomerular injury. PMA in microgram quantities appears to
damage the glomeruli selectively as assessed by morphological
criteria with corresponding markedly increased proteinuria.
These alterations were neutrophil-dependent but were indepen-
dent of complement. They were suppressed by the administra-
tion of catalase but not by SOD. Therefore, it appears that
oxygen-free radicals generated by neutrophils can cause acute
glomerular injury with resulting proteinuria.
Methods
Adult pathogen-free Sprague-Dawley rats (weighing between
250 and 300 g, Charles River, Portage, Michigan, USA) were
used in these studies. The animals were anesthesized by the
intraperitoneal injection of ketamine (Parke Davis Co., Morris
Plane, New Jersey, USA). Following this the abdominal region
of the animal was shaved and prepped with a 70% alcohol
solution. A laparotomy was performed using a vertical midline
incision; the left renal artery was exposed by blunt dissection.
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The renal artery was elevated and a 30-gauge needle was
inserted into the artery; 200 to 300 l of fluid containing the
substance to be tested was injected over a 20 to 30 sec interval.
The short injection time was used to minimize ischemia. Fol-
lowing injection the needle was withdrawn and gentle pressure
was applied to the artery until bleeding stopped. The abdominal
incision was then closed in two layers using chromic and silk
sutures. After a short period of recovery (approximately 30
mm), the animals were put into metabolic cages and given water
ad libitum. Urine samples were collected at either 12- or 24-hr
intervals. The collected urine was tested for total protein using
the TCA-Lowry method [9]. The urine samples were also tested
for blood using a dipstick (Ames-Combistix) and the centrifuged
urinary sediment was routinely examined by light microscopy.
Unless otherwise indicated for each series of studies, at least
ten rats per group were used. In those experiments where PMA
was injected the following protocol was used. Lyophilized PMA
(obtained from Consolidated Midland Corp., Brewster, New
York, USA) was initially dissolved in DMSO at a stock con-
centration of 1 mg/mI and stored at —70°C. For each experi-
ment the PMA was further diluted with normal saline and
infused at doses ranging from 500 ng to 40 sg per animal.
Characterization of the proteinuria. To attempt to determine
the origin of the proteinuria (glomerular vs. tubular), the
following experiments were undertaken. Urine samples were
evaluated for protein using SDS slab gel electrophoresis under
nonreducing conditions [10]. The proteins detected in the urine
were compared with those in normal rat plasma as a control.
Secondly, indirect immunofluorescence was done on PMA-
treated and normal saline-treated kidneys. Frozen sections of
the kidney (8 t) were fixed in acetone. Rabbit antirat albumin
(Cappel, Westchester, Pennsylvania, USA), diluted 1/400 in
phosphate-buffered saline (PSB) containing 10 mg/ml bovine
serum albumin, was layered over the sections for 20 mm.
Normal rat serum diluted 1/400 in PBS was used as a negative
control. After washing with PBS, fluorescein-labeled goat
antirabbit IgG (Cappel, Westchester, Pennsylvania, USA) di-
luted 1:100 was layered on all the sections for about 20 mm and
then washed with PBS. The sections were viewed on a Carl
Zeiss Photomicroscope II with an ultraviolet epilluminator
attachment.
Complement and neutrophil depletion studies. Complement
was depleted by the use of purified cobra venom factor (CVF)
which was kindly supplied by Dr. G. 0. Till, Department of
Pathology, University of Michigan, Ann Arbor, Michigan, USA
[11, 121. A single intraperitoneal injection of CVF (8 U) was
given 12 hr prior to the initiation of the experiment. The
complement levels of these rats were measured by CH50 he-
molytic assay [13]. The CVF-treated animals used in these
experiments all had undetectable serum CH50 levels at the time
of experiment (<20 CH50 U/ml).
In those studies where the role of the neutrophil in this model
was assessed, neutrophil depletion studies were done using
rabbit antirat neutrophil antibody [14]. A 1.5 ml injection of this
antibody into rats 12 hr before the initiation of the experiment
depleted circulating neutrophils from greater than 5000/mm3 to
less than 400/mm3 without causing any depletion of comple-
ment, platelets, mononuclear cells, or erythrocytes.
Oxygen-free radical inhibitor studies. The following inhibi-
tors of oxygen-free radicals were used in this study. Superoxide
dismutase (SOD), obtained from Data Diagnostics, Inc., Cali-
fornia, USA contained 3700 U/mg protein. The specific activity
of the SOD was assayed using the procedure of McCord and
Fridovich [15]. Catalase, obtained from the Sigma Chemical
Co., St. Louis, Missouri, USA, in a crystalline form contained
17,000 U catalase/mg. The activity of catalase was assayed by a
modification of the method of Beers and Sizer [16] which
measures the disappearance of peroxide spectrophoto-
metrically. Catalase was dialyzed against phosphate-buffered
saline (pH 7.4) before use, to remove thymol present in the
product as supplied by the manufacturer.
Polyethylene glycol-coupled catalase (PEG:catalase) was
used in some experiments; it was obtained from Enzon, Inc.,
South Plainfield, New Jersey, USA, at a concentration of 300
catalase U/pt PEG:catalase (500 U) were infused into each
animal 10 mm before the infusion of 20 g of PMA into the renal
artery. The specific activity of PEG:catalase was measured
using the Beers and Sizer method [16].
PEG:catalase was chemically inactivated by reduction (with
f3-mercaptoethanol), and alkylation (with iodoacetamide) ac-
cording to the technique of Means and Feeney [17]. The
preparation was then extensively dialyzed against phosphate-
buffered saline (pH 7.4). This preparation retained less than 1%
of its activity [16] as compared with the untreated preparation
of PEG:catalase.
Morphology. At the time of sacrifice representative animals
were selected for morphological studies using light and electron
microscopy. Sections were taken from the injected (left) kidney
as well as from the uninjected (right) kidney. For light micros-
copy, formalin-fixed sections were processed by routine meth-
ods and stained with hematoxylin and eosin. For electron
microscopy the tissue was fixed in gluteraldehyde and then
subjected to routine processing for transmission electron mi-
croscopy. Initially, 1-es thick sections were cut and stained with
toluidine blue and evaluated by light microscopy. Thin sections
were then cut from selected areas, stained with uranyl acetate
and lead citrate, and studied using a Philips 401 electron
microscope. At least three animals from each experimental
group were evaluated histologically.
Measurement of glomerularfilteration rate. The glomerular
filteration rates (GFRs) were compared in rats that received
PMA (as described above) with those receiving both PMA and
catalase, normal saline, and catalase alone. The GFRs were
measured using intravenous infusion of 125Jsodium iothalamate
[18].
Statistical analysis. The Student t test (two-tailed analysis)
was used to compare the biologic response between the PMA-
injected and control animals.
Results
Phorbol myristate acetate (PMA) induced proteinuria. PMA
in doses ranging from 500 ng to 40 g was suspended in 200 to
300 1d of normal saline and infused directly into the left renal
artery using the procedure detailed in Methods. As shown in
Figure 1 the infusion of PMA leads to significant proteinuria in
the treated animals. When a 20-pjg dose of PMA was used the
rats averaged 35 mg of total protein in the urine per 24 hr,
compared with 10 to 14 mg/24 hr for the normal uninjected or
saline-injected rats. Therefore, the infusion of PMA lead to a
threefold increase in total protein excreted in the urine.
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The next set of experiments was done to determine a dose
response as well as a time course for this PMA-induced
proteinuria. As shown in Figure 2 the amount of protein
excreted per 24 hr plateaued at a dose of 20 g PMA. Higher
0-12 12-24 24-36 36-48 48-60
Time, hours
Fig. 3. Time course of PMA-induced proteinuria. The proteinuria is
maximal within the first 24 hr.
doses caused no increase in proteinuria. Therefore, 20 jig were
selected as the optimal dose for all subsequent experiments.
The time course of the proteinuria is shown in Figure 3. A
single 20-jig injection of PMA caused proteinuria that was
limited to the first 24 hr. Protein excretion peaked at the first 12
hr and then rapidly returned to baseline levels over the next 12
hr.
Thus, PMA, when injected directly into the renal artery of
rats, causes a significant proteinuria which occurs in a dose-
dependent fashion and is maximal in the first 12 hr. PMA
infusion into the renal artery did not cause neutropenia,
thrombocytopenia, complement depletion, or decrement in
urine output (data not shown).
Characterization of the proteinuria. The next set of experi-
ments involved an assessment of the types of plasma proteins
lost in the urine in the PMA-treated animals. Urine samples
were evaluated using SDS slab gel electrophoresis; the proteins
present in the urine were compared with rat plasma as a control.
As shown in Figure 4, the vast majority of the protein present in
the urine was albumin with lesser amounts of other higher
molecular weight proteins including IgG. This pattern is con-
sistent with proteinuria of glomerular rather than tubular origin.
"Protein droplets" are seen in the tubules during periods of
protein leakage from the glomeruli. These probably represent
protein reabsorbed by proximal tubular cells. Their presence
would, therefore, suggest that the origin of protein leakage was
proximal to the proximal portion of the nephron, that is, in the
glomerulus. Antirat albumin immunofluorescence (Fig. 5)
showed brightly fluorescent "reabsorption droplets" in the
tubules of PMA-treated rats. These bright droplets were not
seen when normal rat serum was used instead of antirat
albumin. Fine background tubular fluorescence was present
in both the control and PMA-treated rat tubules. These could
not be absorbed out by an isolated rat mitochondrial prepara-
tion (kindly provided by Dr. J. Weinberg, Veterans Administra-
tion Hospital, Ann Arbor, Michigan, USA), suggesting that
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Fig. 4. Characterization of urine protein excreted by PMA -treated rats
using SDS Slab Gel electrophoresis. Represented are urine samples
from animals treated with (A) normal saline, (B) PMA (0 to 12 hr), (C)
PMA (12 to 24 hr), (D) PMA and catalase, (E) normal rat urine, and (F)
normal rat plasma. Note that the bulk of the urine protein appears to be
albumin as compared to plasma control. Catalase suppression of the
PMA-induced proteinuria is illustrated by the markedly smaller amount
of albumin present, similar to that found in normal rat urine.
this fluorescence is not due to nonspecific antimitochondrial
antibodies.
Therefore, both the presence of "reabsorption droplets" in
the tubules of PMA-treated rats together with the urinary
protein being mainly albumin and lgG are compatible with the
conclusion that the PMA-induced proteinuria is probably of
glomerular origin.
Role of complement in PMA -induced proteinuria. To discern
whether or not complement played a role in the PMA-induced
proteinuria, we gave rats intraperitoneal injections of purified
cobra venom factor (CVF) 12 hr prior to the PMA injection.
Twelve hours after the CVF injection no detectable hemolytic
activity was found in the serum as assessed by CH50 assay.
These complement-depleted animals were then challenged with
20 j.g of PMA as described above and the urinary protein was
quantitated. As shown in Figure 6 these animals had essentially
the same amount of protein excretion per 24 hr as the positive
control animals with normal complement levels. Thus, it ap-
pears that the complement system is not required for the
development of proteinuria.
Requirement for neutrophils. PMA is known to be a potent
stimulator of neutrophils in vitro resulting in a "respiratory
burst" with the production of a large number of oxygen-free
radicals. Therefore, it was of interest to determine if the in vivo
effects of PMA infusion into the kidney might be attributable to
neutrophils. To study this possibility neutrophil depletion ex-
periments were done. A total of seven rats were given a single
intraperitoneal injection of rabbit antirat PMN antibody 12 hr
prior to the experiment. These animals, just prior to the PMA
infusion, were all found to have less than 400 neutrophils/mm3
compared with greater than 5000 neutrophils/mm3 for normal
control animals as measured by differential counts of peripheral
blood obtained from the tail vein. After the PMA injection the
animals were placed in metabolic cages and urine samples were
collected. As shown in Figure 7 there was a striking difference
in the amount of proteinuria between the neutrophil-depleted
and the PMA control animals. Neutrophil-depleted animals had
greater than 90% suppression of proteinuria (15.4 2.1 mg/24
hr) when compared to neutrophil-intact positive control animals
(40.7 3.9 mg/24 hr—derived from the ratio of proteinuria
values corrected by subtraction of the proteinuria in saline-
infused rats, 10 mg/24 hr). These results clearly indicate that
neutrophils are required for the development of PMA-induced
proteinuria.
Effect of oxygen-free radical inhibitors. Next we studied
whether or not oxygen-free radicals generated by the neu-
trophils were responsible for the glomerular alterations and
proteinuria. The first oxygen radical inhibitor tested was the
enzyme superoxide dismutase (SOD) which converts the su-
peroxide anion (O2) into hydrogen peroxide and oxygen. As
shown in Figure 8 the coinstillation of SOD with the PMA had
no effect on the development of the proteinuria. The SOD plus
PMA-treated animals showed a mean total urinary protein
excretion of 37.7 6.2 mg!24 hr while the PMA-treated animals
excreted an average of 36.9 7.7 mg/24 hr. There is therefore
no evidence from these data that the superoxide anion (02)
plays a role in proteinuria development.
The next inhibitor studied was catalase. PMA-stimulated
neutrophils produce high levels of H202 as well as O2 and
catalase converts H2O2 into molecular oxygen and water.
Catalase (40 mg) was administered to animals at the time of the
PMA infusion. As shown in Figure 9 catalase prevented the
development of PMA-induced proteinuria. The catalase-treated
animals showed an average of 12.6 2.4 mg/24 hr compared
with 38.3 5.6 mg/24 hr for PMA animals without catalase.
This represents virtually a 100% suppression of the proteinuria
because the background protein excretion by normal rats was
13.5 0.8 mg/24 hr. Further studies illustrated that this
suppressive effect of catalase was dose-dependent. Lower
doses of catalase at 10 and 20 mg of catalase per animal also
achieved a marked suppression of the proteinuria with the
animals averaging 19.8 4.5 mg/24 hr and 16.2 3.9 mg/24 hr,
respectively. However, a 5-mg dose of catalase did not cause
any suppression of proteinuria (38.8 3.9 mg/24 hr). There-
fore, it appears that H202 and/or its metabolic products gener-
ated by neutrophils are responsible for the proteinuria seen in
this model as demonstrated by the suppressive effects of
catalase in a dose-dependent fashion.
Catalase normally has a half-life in the circulation of about 3
to 5 mm. Coupling of catalase with polyethylene glycol
(PEG:catalase) prolongs the circulation time to over 24 hr 119],
thereby allowing the use of smaller amounts of the inhibitor.
PEG:catalase (500 U) were given intravenously 10 mm before
the infusion of PMA into the renal artery. As shown in Figure
10, the proteinuria was reduced by about 50% with
PEG:catalase (from 45.7 6.3 mg/24 hr with PMA alone to 27.2
4.3 mg/24 hr with PMA plus PEG:catalase). Thus, the
protective effect of smaller concentrations of a longer acting
Phorbol myristate acetate-induced glomerular injury 507
Fig. 5. Indirect immunofluorescence of rat tubule using rabbit antirat albumin antibody. Note the intense fluorescence in the PMA-treated rats (A,
B) representing a high concentration of "protein reabsorption droplets," as compared to control rats (C). Also note the fine background tubular
fluorescence in both the experimental and control rats.
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Fig. 7. The neutrophil requirement for the development of PMA-
induced proteinuria.
caused by nonspecific inhibition due to the presence of the
protein. Accordingly, proteinuria was compared in animals
receiving PMA alone and those receiving PMA with 500 U of
chemically inactivated PEG:catalase. As shown in Figure 10,
PMA, 20 pg PMA, 20 pg
(Normal rats) (Complement-depleted rats)
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Fig. 6. Effect of complement depletion on PMA -induced proteinuria.
catalase in PMA-treated animals further substantiates the role
of H202 in proteinuria development.
The next set of experiments addressed the question of
whether or not the catalase-induced inhibition of PMA-induced
proteinuria was specific for the enzymatic activity of catalase or
Material infused
Fig. 10. Effect of PEG:catalase and inactivated
PMA -induced proteinuria.
Material infused
Fig. 9. Effect of catalase on PMA -induced proteinuria. Catalase, when
given with PMA, prevents the development of the proteinuria. Catalase
alone has no effect.
there was no difference in the amount of proteinuria in the two
groups (45.8 7.5 mg/24 hr in PMA alone animals and 43.8
4.4 mg/24 hr in PMA plus inactivated PEG:catalase animals).
These results indicate that the protective effects of catalase are
related to its specific enzymatic activity.
Morphologic alterations associated with PMA infusion. At
the time of sacrifice sections of both the injected (left) and
uninjected (right) kidneys were taken from rats in each of the
experimental groups. For each experiment performed the kid-
neys from at least three animals in each group were studied
morphologically by light and electron microscopy. In addition,
to study the time course of injury for histological evaluation rats
were sacrificed at 5-mm, 30-mm, 1-hr, 6-hr, 12-hr, and 24-hr
intervals after PMA injection (three rats per time point). By
light microscopy the PMA-injected kidneys appeared relatively
normal with the only alteration being neutrophils present in the
glomeruli. However, by electron microscopy more pronounced
glomerular alterations were seen. In the sections examined
neutrophils were much more numerous in the glomeruli of
PMA-treated than control rats, with most of these neutrophils
present in capillary loops (Fig. hA). In addition, associated
with the neutrophils was localized glomerular endothelial cell
damage with some areas of blebbing, separation of endothelial
cells from the glomerular basement membrane, and occasional
areas where the endothelial cell cytoplasm appeared attenuated
(Fig. 1 1B). Fibrin generation was also present in some of the
glomerular capillary lumen and in the areas of endothelial cell
damage (Fig. 1 1C). The epithelial cells appeared enlarged with
widespread foot process fusion (Fig. 1 1B). These glomerular
alterations appeared to be maximal in the animals sacrificed at
1 hr after the PMA infusion. The tubules and interstitial
portions of the kidneys were not different from control rats. The
noninjected kidney had no morphologic alterations on both light
and electron microscopy, when compared to normal animals,
suggesting that PMA-induced leukocyte activation is mainly
confined to the first capillary bed encountered by injected PMA.
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Fig. 11. Glomerular morphological alterations associated with PMA infusion. A A low-power transmission electron micrograph of a glomerulus
from a rat given 20 g of PMA 1 hr previously. Note the presence of neutrophils in the glomerular capillary lumens (arrows), (x5385). B A higher
magnflcation TEM of a glomerular capillary loop from a PMA-trea ted rat. Note the neutrophil in the capillary lumen along with evidence
of endothelial cell damage with blebbing and areas of apparent attenuation of the endothelial cell cytoplasm (arrows). Also note the generalized
fusion of the foot processes of the epithelial cells. (x 6814) C TEM of a PMA -treated rat showing fibrin formation in a glomerular capillary loop
(open arrow) associated with endothelial cell blebbing and attenuation of the cytoplasm (closed arrows). (x7l46) D The glomerulus of another
PMA-treated rat again showing pronounced endothelial cell blebbing (arrows). (x3990)
By comparison, in those animals treated with catalase along
with the PMA, neutrophils were still present in the glomerular
capillary loops but there was much less evidence of endothelial
cell damage (Fig. I lE and F). However, occasional areas of
foot process fusion were seen as illustrated in Figure lIE.
These results are compatible with the concept that catalase
does not affect the attraction of neutrophils into the glomeruli,
but that its protective effects are due to the inactivation of H202
produced by the neutrophil. In those animals which were
neutrophil-depleted, no glomerular abnormalities were present,
again illustrating the neutrophil dependency of the PMA-
induced changes.
Glomerular filteration rates (GFRs) in catalase-protected
and nonprotected rats. GFRs were measured using the standard
'251-sodium iothalamate infusion technique. As shown in Table
I rats that received 200 1.d of normal saline into the renal artery
had an average GFR of 1.10 0.13 mIlminIlOO g body wt.
Catalase (40 mg) given intravenously did not change the GFR.
PMA injection into the left renal artery, however, reduced the
GFR to an average of 0.44 0.04 ml/min/100 g of body wt.
When 40 mg of catalase were given prior to the injection of the
PMA, the decrease in GFR seen with PMA alone was not
prevented.
Thus, catalase per se does not change GFR when given alone
or with PMA. PMA infusion alone reduces the GFR by about
50%. Therefore, catalase did not prevent the PMA-induced fall
in GFR. Furthermore, it appears that the reduction of protein-
uria seen in catalase-treated PMA rats is due to the direct
antioxidant effect of catalase and not through a direct reduction
of GFR.
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Fig. 11 E and F Cajalase suppression of PMA-induced proteinuria. Note that while neutrophils are still present in the glomeruli there is minimal
endothelial cell damage. No fibrin is seen The foot processes of the epithelial cells appear mostly intact, although occasional areas of foot process
fusion were seen as shown in E. (TEMs: E. x4740 and F, x4979)
Table 1. Comparison of the glomerular filteration rates in rats
following infusion of PMA (alone) and PMA with catalase
Material injected
Number
of rats
Glomerular filteration rates
( SEM) (ml/min/100 g)
PMA 4 0.44 0.04
PMA plus catalase 4 0.44 0.06
Normal saline 3 110 0.13
Catalase, 40 mg 4 0.97 0.86
Discussion
The results presented in this paper provide further evidence
for the critical role that leukocyte-generated oxygen-free radi-
cals play in the initiation of acute tissue injury in inflammatory
reactions. In these studies, the PMA-induced generation of
oxygen-free radicals from neutrophils causes acute proteinuria
in rats in association with morphological evidence of glomerular
injury. The bulk of the glomerular injury and proteinuria in this
model appears to be due to the generation of H202 and/or its
metabolic products by the neutrophil as illustrated by the
capacity of catalase, but not SOD, to prevent the proteinuria.
This would be consistent with earlier studies incriminating
H202 and/or its metabolic products as the major neutrophil
derived oxygen radical involved in tissue injury [2, 71.
Two previous preliminary studies have indirectly suggested a
role for the superoxide anion (O2) in the initiation of acute
glomerular cellularity increases in two different models of
immune complex glomerulonephritis. These cellularity changes
were suppressed by daily intraperitoneal injection of SOD [20,
21]. It has been suggested that the superoxide anion (O2)
exerts the majority of its effects via the generation of a
chemotactic factor for neutrophils in vivo, thereby causing an
amplification of the inflammatory response [221. Thus, the
addition of SOD in these models could prevent the formation of
this chemotactic factor and thus decrease glomerular cellular-
ity. Our study, which incriminates leukocyte-derived H2O2
and/or its metabolic products as being central to the glomerular
injury, is similar to previous observations in other models of
acute tissue injury in other organs including immune complex-
induced injury [2] and is also similar to recently completed
studies in our laboratory showing that the glomerular injury
seen in the heterologous phase of nephrotoxic nephritis can be
suppressed by the addition of catalase [23]. Leukocyte-derived
H202 also appears to play a central role in the tissue injury seen
when PMA is used to induce acute lung injury [71. The
intratracheal instillation of PMA in rats causes a threefold
increase in vascular permeability associated with a marked
degree of lung injury. This pulmonary injury also appears to be
mainly due to the production of H2O2 as the co-instillation of
catalase suppresses the lung injury by about 70%, whereas the
co-instillation of SOD did not significantly alter the permeability
changes in the lung when compared with animals receiving
PMA alone [7]. Therefore, the results presented in this study
are similar to previous studies in the lung and dermis, in that
H2O2 and/or its metabolic products derived from the leukocyte
appears critical to the development of tissue injury. Isolated
glomeruli have been previously reported to produce reactive
oxygen species when incubated with PMA. Furthermore, cul-
tured glomerular mesangial cells stimulated with serum-treated
zymosan produced O2 [24]. Therefore, the PMA-induced
proteinuria seen in our study theoretically might have been
independent of leukocytes. However, the neutrophil depletion
studies clearly show that in this model proteinuria was
neutrophil-dependent.
PMA-induced proteinuria is mainly comprised of albumin,
suggesting that glomerular injury is the source of proteinuria.
We also demonstrated albumin "reabsorption droplets" in the
proximal tubules which suggests that the protein leak is at a
more proximal site. While these studies provide only indirect
evidence for a glomerular protein leak, we feel that together
with the morphologic data, they provide reasonable evidence
for the glomerlus being the major site for the proteinuria.
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Immune complexes, like PMA, activate neutrophils and
macrophages to produce large amounts of oxygen-free radicals
[3-4]. Neutrophils and macrophages accumulate in glomeruli
during immune complex-mediated glomerulonephritis and, on
activation by immune complexes, these cells could release
oxygen-free radicals into the surrounding area causing cellular
damage. This tissue injury is manifested in our model by
endothelial cell swelling, blebbing, and lifting of the cell away
from the underlying basement membrane. The proteinuria
could result from endothelial cell damage, changes in the charge
barrier, or by focal defects of the basement membrane caused
directly by the oxygen-free radicals. However, we did not see
any defects in the basement membrane of the glomeruli after
PMA infusion. Such defects have been described in the lung
after PMA instillation into the trachea [7]. Alternatively, H202
or one of its metabolites might act co-operatively with
proteolytic enzymes produced by leukocytes. We cannot dis-
tinguish between these possibilities in our study [25].
In conclusion, we have shown that the infusion of PMA into
the kidney of rats can cause renal damage in terms of glomer-
ular morphologic changes in addition to proteinuria. We have
implicated one particular species of oxygen metabolites (H202
and/or its conversion products) in this injury. This generation of
H202 depends on the presence of circulating neutrophils and is
probably produced by them. Neutrophils and macrophages are
commonly seen within glomeruli in many types of acute gb-
merulonephritis and the generation of toxic oxygen products by
these cells could well be an important mechanism leading to
glomerular injury.
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